Background: Mortality has been shown to increase with extremely hot ambient temperatures. Details on the specific cause of mortality can be useful for improving preventive policies. Infants are often identified as a population that is vulnerable to extreme heat conditions; however, information on heat and infant mortality is scarce, with no studies reporting on cause-specific mortality.
T he relationship between extreme heat and total mortality has been recognized for many years, 1 and is of increasing concern with global warming. 2 Two reviews, covering the period 1970 -2008, include 84 studies that consistently found increases on total mortality during periods of extreme heat. However, less is known about the specific causes of death, especially in infants, for whom little information is available. 3, 4 An increase in mortality with heat has been reported for some specific causes, namely cardiovascular disease, [3] [4] [5] respiratory disease, 3, 4, 6 mental, and nervous systems disorders 6 -8 ; diabetes 6, 9, 10 ; and kidney and urinary system diseases. 8, 11, 12 Plausible biologic mechanisms have been described. However, an analysis of the remaining causes of death is still of interest for several reasons. First, extreme heat can have a deleterious effect on the health of persons who are already sick from other causes, which will then be assigned as the cause of death. Heat may affect these frail individuals differently depending on the disease. Knowing which patients are more vulnerable could help improve preparedness of the health system for primary and secondary prevention during heat waves. Second, even conditions directly attributed to heat, such as hyperthermia, are difficult to diagnose with certainty, 13 and therefore such deaths due to these conditions could be misclassified as due to other causes. An investigation of specific causes of death can help identify causes that are likely to contain some misclassified heat-related deaths. Finally, a comprehensive analysis of causes of death might lead to the discovery of conditions truly affected by heat that are not yet suspected as heat-susceptible.
Infants and children are regarded as populations that are especially vulnerable to the effects of heat and heat waves. 14 There are several physiologic differences between children and adults (eg, higher surface-area-to-mass ratio, lower sweating rate, and smaller blood volume) that could explain a higher vulnerability to extreme temperatures in children and infants. 15 This may be particularly important for neonates during the first few days after birth, when thermoregulatory mechanisms are not yet mature, 16 and for whom the thermal environment must be regulated by others. Only a few studies have considered the association of heat and mortality among infants and young children. [17] [18] [19] [20] We used a long mortality series (24 years) in a large geographic area of Spain to assess the effect of extremely hot days on mortality using a fine classification of the cause of death, including external causes and causes of infant mortality.
METHODS

Setting and Data
The study included all persons who died in Catalonia during the warm season (defined as May 15-October 15, which included the half-months with an average maximum temperature greater than 20°C) of the 24- 
Statistical Analyses
Maximum temperature was dichotomized according to the 95th percentile of the historical distribution of each weather station during the warm seasons. We considered days over the 95th percentile as extremely hot days. Using a weather station-specific percentile, rather than a common cut-off at a given temperature, takes into account the fact that individuals adapt to their local weather conditions. 22 The choice of the 95th percentile was based on the finding that the temperature threshold above which effects are observed in the city of Barcelona coincided with the 95th percentile. 23 A time-stratified case-crossover design was used in which, for every individual, the same days of the week of the same month and year were selected as the set of control referent periods. 24 We then compared cases with their set of controls using conditional logistic regression. This analysis is mathematically equivalent to a Poisson time-series analysis of mortality with indicator variables defining the strata. 24 Therefore, the odds ratios from the conditional-logistic-regression model can be interpreted as mortality ratios comparing a hot day with a non-hot day, restricting the comparison to days that are otherwise expected to be very similar (similarity indicated by the strata). We report these results as relative risks (RRs). By design, the analyses are adjusted for long-term seasonality, for the day of the week, and for all characteristics of the population that remain stable over a 1-month period (eg, the percent of smokers).
Temperature lags 0 -6 days were included in a lagstratified distributed lag model, where the coefficients for lags 0 -2 days were constrained to be equal, and likewise for the coefficients for lags 3-6. We report the cumulative effect of each of the 2 lag intervals. 25 The first estimate (lag 0 -2) represents the increase in mortality risk after 3 consecutive hot days, whereas the second (lag 3-6) represents the effect of having had 4 consecutive hot days followed by 3 days that may not have been as hot. We used the latter to investigate both delayed heat effects and short-term mortality displacement or harvesting. 4 Note that the lag 0 -2 effect obtained from this model is different from the lag 0 -2 effect one would obtain if the model did not include lags 3-6.
Analyses were first conducted separately for each climatic region, and the cumulative effects were combined using meta-analysis. Because there was no heterogeneity of effect by climatic region, we present the results obtained after pooling the data and analyzing them jointly. Analyses were stratified by age, sex, and mortality causes. To assess the effect of multiple comparisons, we applied a false-discoveryrate correction. 26 Most analyses included people of all ages; infant mortality was also examined separately.
We computed the attributable fraction, ie, the percent of deaths attributable to heat. This was calculated by first predicting the RR of each day of study for each weather station (RR is for day i and station s), using our lag-stratified distributed lag model, and then computing the weighted average of the quantity (RR is Ϫ 1)/RR is , weighting by the number of deaths on each day. 25 To test for a temporal trend in the relative risks over the years of study, we calculated relative risks separately for each year and tested for a linear trend over time using meta-regression.
We performed several sensitivity analyses. Humidity was tested as a possible confounder or effect modifier (for the latter, dichotomized at the 75th percentile); the confounding effect of air pollution was assessed by restricting the analysis to the city of Barcelona for the period with available air pollution data and then individually including the lag 0 of each pollutant in the model; the interaction of heat and ozone was also tested in the same city and period. In addition, to facilitate the comparison of our results with other studies, some analyses were repeated using linear threshold models (eAppendix 2, http://links.lww.com/EDE/A517). Analyses were performed with Stata 10 (code available in eAppendix 3, http://links.lww.com/EDE/A517).
RESULTS
A total of 503,389 deaths occurred in Catalonia during the warm seasons of the 24-year period. Table 1 reports the number of deaths by main causes, while a finer stratification can be found in eTable 1, http://links.lww.com/EDE/A517.
Because of the population distribution in Catalonia, most of the deaths (52%) occurred in the Central Coastal Mediterranean climatic region, which includes the city of Barcelona.
The average maximum daily temperature in the 14 climatic regions during the warm season ranged from 19.9°C to 27.4°C. eFigure 2 (http://links.lww.com/EDE/A517) shows the historic 95th percentile of maximum temperature during the warm season by climatic region, which ranged between 27.3°C and 38°C. The hotter regions were found in the west inland territory. eFigure 3 (http://links.lww.com/ EDE/A517) shows the distribution of duration of heat waves. Overall in the 14 regions, 57% of hot days occurred as isolated hot days, and only 2% of the heat waves lasted for Ͼ6 days.
The cumulative effect of lags 0 -2 was a 19% increase in mortality, and the cumulative effect of lags 3-6 was a 13% increase in mortality. Overall, 7 consecutive days of heat increased mortality by 35%. We did not detect a linear temporal trend of relative risks over the years of study (change in lag 0 -2, RRs per year ϭ 0.3% [95% CI ϭ Ϫ0.7% to 0.02%]; change in lag 3-6, RRs per year ϭ 0% [95% CI ϭ Ϫ0.5% to 0.5%]). Table 1 shows the results stratified by main mortality causes. We observed an effect for all main causes at lags 0 -2, with the effect remaining after longer lags for some of the causes. Figure 1 shows the cumulative heat-related mortality risk at lags 0 -2 using a finer stratification by 66 causes of death. A Q test for heterogeneity of the effect by cause did not reach statistical significance (P ϭ 0.28). Only 9 of the 66 causes examined presented a relative risk below 1.0. The highest risk estimate was observed for "other infectious diseases" (RR ϭ 2.6), although this was based on small numbers. We observed the most consistent increases in risk for diseases within the main categories of "mental and nervous system disorders," "cardiovascular diseases," "respira- When the false-discovery-rate correction was applied to control for multiple comparisons, a number of the associa- Heart: Ischaemic (40) Other circulatory (39) Heart: Chronic rheumatic (38) Mental/Behavioural (37)
Nervous system (36) Diabetes (35) Blood diseases (34) Other (33) Benign (32) Lymphoma/Myeloma (31) Biliary tract (30) Prostate (29) Bladder (28) Brain (27) Other digestive (26) Larynx (25) Uncertain behaviour (24) Colon (23) Leukemia (22) Liver (21) Lung (20) Stomach (19) Breast (18) Esophagus (17) Other uterus (16) Ovary (15) Rectum/anus (14) Secondary/Unspecified (13)
Other, specified (12) Lip/Oral/Pharynx (11) Urinary tract (10) Cervix uteri (9) Skin/Soft tissue (8) Pancreas (7) Other inf. diseases (6) Other bacterial inf. tions became statistically nonsignificant: other bacterial infections, lung and colon cancer, hypertensive disease, other digestive system, kidney and urinary system, and all external causes. Several mortality causes showed increased risks at both lags 0 -2 and lags 3-6 (eFigure 4, http://links.lww.com/ EDE/A517). These included: all mental and nervous system disorders, the respiratory diseases mentioned above, other bacterial infections, ischemic heart disease, hypertensive disease, cerebrovascular disease, heart failure, diabetes, kidney and urinary system diseases, and HIV. There was a protective RR at lags 3-6 for several neoplasms, suggesting short-term mortality displacement (eFigure 4, http://links.lww.com/ EDE/A517). Similarly, other infectious diseases, suicide, and falls presented a significant risk at lags 0 -2 but a protective association at lags 3-6. Although stratification by sex showed a higher heatassociated risk for girls and women (cumulative lags 0 -2, RR ϭ 1.23 [CI ϭ 1.19 to 1.27] versus 1.16 [1.13 to 1.19] for boys and men), this difference became less evident when analyses were further stratified by age (Fig. 2) . This was done to take into account the fact that more women reached older ages (average age of death 77.5 vs. 69.3 years for men), at which time people become more susceptible to death due to heat. By using narrower age categories than those presented in the figure, the sex differences among older adults nearly vanished.
Mortality under one year of age increased 25% on hot days, with an effect observed only at lag 0 (Table 2) . When stratifying by sex, we found a 64% increase in mortality among girls, not observed in boys. This increase was observed mainly for causes originating in the perinatal period, with baby girls having twice the mortality risk during extremely hot days. When we examined specific perinatal mortality causes, we found that the contribution to the high risk was mainly driven by digestive system disorders, hemorrhagic and hematologic disorders, infections, and cardiovascular and respiratory causes (although all these estimates were based on small numbers).
We estimated that 1.6% of the total mortality in the warm season was attributable to extreme heat, which would correspond to an average of 333 annual deaths in the whole Catalonia region. Twenty-four percent of the mortality attributable to extreme heat was due to scenarios in which, on the day of death or the previous 6 days, only a single hot day occurred. An additional 16% was due to scenarios in which only 2 or 3 nonconsecutive hot days occurred during the same period. Overall, 40% of deaths attributable to heat occurred in periods that would not usually be considered heat waves.
In sensitivity analyses, humidity did not confound the associations (eTable 3, http://links.lww.com/EDE/A517), and we found no evidence of interaction with days of high humidity (lags 0-2, cumulative RR for extremely hot days was 1.20 for days with humidity Յ80% and 1.21 for days with humidity Ͼ80%). In addition, in an analysis restricted to the city of Barcelona for the periods with air pollution availability, adjustment for PM produced no changes, while adjusting for ozone only slightly reduced the point estimates (eFigure 5, http://links.lww.com/EDE/A517). There was no statistically significant interaction of heat and ozone, although the effect of extreme heat was higher for days with higher ozone levels (eFigure 5).
DISCUSSION
In a large case-crossover study, we found an effect of heat on daily total mortality, with mortality increases being as large as 19% when 3 consecutive hot days occurred. Extreme heat accounted for 1.6% of all deaths in the warm seasons, and about 40% of these deaths occurred in periods that would not be classified as heat waves, ie, on isolated hot days. The heat effect on mortality was concentrated among the elderly, with no sex differences after age was taken into account.
Our study investigated a total of 66 mortality causes and identified several causes that increased with heat, some of which have rarely been studied in heat-mortality investigations. In infants, the effect of heat was particularly strong, with mortality increases of 25% when considering only the first hot day. This effect was most noticeable in girls, resulting in mortality increases as large as 64%. An effect was observed only for conditions originating in the perinatal period, pinpointing the first week of life as the most critical window of susceptibility to heat in young children.
In line with many previous studies, 4 we found larger mortality risks in the elderly, with increasingly higher risks as age increased above 60 years. We found no sex differences after stratifying by age. Although different studies have used different temperature metrics (which makes comparisons dif- estimate and 95% confidence interval (CI) from a lag-stratified distributed lag model with lags 0 -6) between total mortality and extremely hot days stratified by age and sex. Extremely hot days were those that exceeded the weather station-specific 95th percentile of maximum temperature.
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Heat Waves and Cause-specific Mortality ficult), the magnitude of the effect is comparable with that observed in other Mediterranean cities. 27 We found that 1.6% of all deaths in the warm seasons can be attributed to heat. This figure is similar to 1.5% reported for Milan and 1.3% reported for Budapest, although higher than 0.4% reported for London. 28 Our data showed that 40% of the deaths attributable to heat did not occur with the usual definition of heat wave, based on periods of at least 2, 3, or 4 consecutive hot days. 27, 29 This is consistent with the results of another study, which demonstrated that Ͻ50% of deaths attributable to heat occurred during heat-wave periods in London, and Ͻ20% in Milan and Budapest. 28 These results are important because most plans to prevent the consequences of extreme temperatures are based on surveillance systems that activate when a weather forecast predicts a series of consecutive days above a certain temperature. 14 One of the main contributions of our study is the analysis of infant mortality associated with extreme heat. Although infants are known to be physiologically more vulnerable to heat, there is limited information on infant mortality during hot days. Using different age ranges, some studies have found an association, [17] [18] [19] whereas some others have not. 30, 31 We found increased risks only for conditions originating in the perinatal period, which implies that the most critical window for heat-related infant deaths occurs within a few days after delivery. This finding is supported by previous reports on thermal instability of newborns due to immaturity of their thermoregulatory mechanisms. 16 Although examining specific perinatal mortality causes led to small numbers and imprecise estimates, cardiovascular, respiratory, hemorrhagic, and digestive system disorders seemed to be the most strongly associated with heat. The biologic mechanisms involved are expected to be the same as for adults, aggravated by the fact that infants have an increased ratio of body surface area to body mass that coexists with underdeveloped thermoregulatory mechanisms. 13 Girls seemed to be more susceptible to the heat effects after birth, although the biologic explanation for this difference is unclear. Differences could be due to small numbers, although our study included almost 1500 infant deaths.
Most mortality causes increased on extremely hot days, probably reflecting both the fact that heat can trigger some of these causes and the fact that extreme heat can advance the death of terminal cases of diseases not necessarily related to heat. We found associations for the more established causes (ie, cardiovascular diseases, 3-5 cerebrovascular diseases, 3, 4 respiratory diseases, 3, 4, 6 mental and nervous system diseases, [6] [7] [8] diabetes, 6, 9, 10 and kidney and urinary system diseases 8, 11, 12 ), but also for other that have been less commonly reported or have not been reported previously. They include mortality by cancer, bacterial infections, ill-defined conditions, and external causes, as well as infectious and digestive system diseases.
The physiologic mechanisms linking heat and cardiovascular, cerebrovascular, and respiratory mortality have been widely described elsewhere. 5, 6, 13, 32 Briefly, these fatal events can be triggered when the thermoregulatory mechanisms of the body (ie, increased respiratory and heart rate, increased surface blood circulation, sweat, etc.) put an additional stress on the heart and lungs, particularly in the elderly or other frail individuals. The mechanisms underlying the higher heat-mortality risk among those with mental and nervous system diseases have also been extensively documented. These include not only the side effects of several psychotropic drugs (ie, impairment of the thermoregulation processes or direct increase of heat production [5] [6] [7] [8] 33 ), but also impaired self-care, 6, 7, 33 inadequate medical care, 7 physio- logic vulnerability, 7, 33 and heat-triggered acute psychologic events. 33 As for patients with diabetes' higher susceptibility to heat, it has been suggested that this may be due to impairment of their autonomic control and endothelial function. 10 Persons with heat stroke usually present with acute renal failure, which can explain the association with kidney diseases. 13 Our category "other digestive system disorders" involves mainly acute vascular disorders of the intestine, intestinal obstruction without hernia, diseases of the pancreas, gastrointestinal hemorrhage, and other digestive system disorders that could not be classified. These results are consistent with studies in humans that found heat-related deaths presenting as acute pancreatitis, 13 and with experimental data showing that heat stress can lead to down-regulation of epithelial growth-factor signaling, intestinal epithelial injury, and impairment of the intestinal epithelial barrier function. 34, 35 A previous study with a very small number of deaths also found an increase in heat-related mortality due to gastrointestinal hemorrhage. 11 We found important heat-mortality risks associated with several external causes, a category that has frequently been excluded from time-series studies on the temperaturemortality association. 27, 36 These causes may be of relevance and should be taken into account when assessing the total burden of heat-related deaths. We found an increase in deaths due to suicide, falls, traffic accidents, and drownings. The result for suicide has been found in other studies, and sociologic, biologic, and psychologic reasons have been suggested. 37 The remaining causes for which we found an association have rarely been reported. Other studies have found increased cancer mortality after heat waves and, as in our study, this was attributed to short-term mortality displacement or harvesting. 38, 39 The vast majority of deaths falling into the category "other bacterial infections" had septicaemia as the main cause of death, which has been associated with heat in other studies. 11, 12 These deaths could be misclassifications of heat stroke, as septicaemia plays an important role in its pathology. 40 The results for "other infectious diseases," mainly driven by viral hepatitis, have not been reported previously, and a biologic explanation is not clear.
The strengths of our study include the large number of deaths, which allowed the exploration of a large number of causes of deaths, even in infants where an association with specific causes of death has not been previously investigated. This allowed the detection in a single population of many conditions that have been only reported occasionally. Some of these categories had small numbers of deaths, and therefore less precision. Finally, air pollution data were available only for Barcelona during a short period of time, which precluded the adjustment of our full analyses for air pollution. Nevertheless, an attempt to quantify possible confounding or effect modification by ozone was made in sensitivity analyses using a restricted dataset. Although having less statistical power, the analyses suggested that no major changes would be expected in the reported results.
